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Membrane dynamicsThe interaction of amyloid beta (Aβ) peptide with cell membranes has been shown to be inﬂuenced by Aβ
conformation, membrane physicochemical properties and lipid composition. However, the effect of choles-
terol and its oxidized derivatives, oxysterols, on Aβ-induced neurotoxicity to membranes is not fully under-
stood. We employed here model membranes to investigate the localization of Aβ in membranes and the
peptide-induced membrane dynamics in the presence of cholesterol and 7-ketocholesterol (7keto) or
25-hydroxycholesterol (25OH). Our results have indicated that oxysterols rendered membranes more sensi-
tive to Aβ, in contrast to role of cholesterol in inhibiting Aβ/membrane interaction. We have demonstrated
that two oxysterols had different impacts owing to distinct positions of the additional oxygen group in
their structures. 7keto-containing cell-sized liposomes exhibited a high propensity toward association with
Aβ, while 25OH systems were more capable of morphological changes in response to the peptide. Further-
more, we have shown that 42-amino acid Aβ (Aβ-42) pre-ﬁbril species had higher association with mem-
branes, and caused membrane ﬂuctuation faster than 40-residue isoform (Aβ-40). These ﬁndings suggest
the enhancing effect of oxysterols on interaction of Aβwith membranes and contribute to clarify the harmful
impact of cholesterol on Aβ-induced neurotoxicity by means of its oxidation.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Oxysterols are oxidized derivatives of cholesterol, a substantial constit-
uent of plasma membranes [1]. There are two main categories of
oxysterols, those oxygenated on the sterol ring such as 7-ketochoelsterol
(7keto), 7α/β-hydroxycholesterol (7α/βOH) and those oxygenated on
the side-chain including 24(S)-hydroxycholesterol (24(S)OH) and
25-hydroxycholesterol (25OH) [1,2]. In general, the former class is pro-
duced by reactive oxygen species (ROS), while the formation of the latter
is attributed to enzymes [1,3]. Aβ, a key peptide in Alzheimer's disease
(AD) pathogenesis, has also been reported to have cholesterol-oxidizing
activity, producing mainly 7βOH [4,5]. In comparison with cholesterol,
oxysterols possessing one or more supplementary oxygen groups, includ-
ing hydroxyl, carbonyl, and epoxide groups are more hydrophilic and
different in three-dimensional shape and orientation in membranes
(Fig. S1 in Supporting information (SI)) [1]. Oxysterols exhibit both
positive and negative biological roles. Some of them (24(S)OH and
27OH), at physiological concentrations, play an important impact in cho-
lesterol homeostasis, sterol biosynthesis, and cell signaling via their inter-
action with receptor proteins [6], while others (7keto, 7α/β-OH, 25OH,+81 761 51 1525.
rights reserved.even 24(S)OH at micromolar concentrations) have harmful effects and
contribute to some human diseases such as atherosclerosis [7–9].
The interaction of Aβ with cell membranes is the crucial event in
pathogenesis of AD [10,11]. Unfolded Aβ monomers arising from
amyloidogenic processing pathway of a transmembrane protein, am-
yloid precursor protein (APP), bind speciﬁcally to neuronal mem-
branes in lipid raft areas because the peptide has a high afﬁnity for
membrane sphingolipids. Then, they change their conformation
from random coil to more folded structure of α-helix or β-sheet
[12,13]. When the amount of the peptide in membranes increases,
the α-helical Aβ transforms to the β-sheet conformation, leading to
generation of the most toxic amyloid oligomers that serve as the nu-
clei of amyloid ﬁbrillar species [12,14]. The presence of Aβ species, es-
pecially oligomers, triggers a cascade of harmful interactions with
membranes such as their insertion into membranes which has been
reported to (i) cause channel/pore formation [15,16], (ii) oxidize
membrane lipids, resulting in loss of membrane integrity [17,18],
and (iii) internalize into the cell, thus inﬂuencing mitochondria and
lysosomes and inducing their dysfunction followed by oxidative
stress and apoptosis [19–21]. It has been shown that Aβ/membrane
interaction is controlled by conformation of the peptide, membrane
physicochemical properties and lipid composition. One of the most im-
portant factors is cholesterol because this component of membranes is
able to tightly pack with sphingolipids and glycerophospholipids, thus
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The mechanism by which cholesterol inﬂuences the peptide's interac-
tion with the membranes, and/or the peptide's folding is not well un-
derstood. Some studies have reported that cholesterol decreases
the Aβ-induced changes in structure and morphology of lipid rafts,
hinder the β-sheet formation in membranes, thereby reducing the pep-
tide insertion, aggregation and cytotoxicity [24–26]. Conversely, other
researches have demonstrated that cholesterol binds directly to the
peptide as soon as it inserts into the lipid bilayer and accelerates its
recruitment and oligomerization [12], in agreement with epidemiolog-
ical and clinical studies about toxic effect of high cholesterol concentra-
tion in AD's pathogenesis (reviewed in [27]).
In AD's pathogenetic studies, oxysterols have received a lot of
attention mainly as markers and protectors of the brain from Aβ's
neurotoxicity. The data obtained from in vitro studies has suggested
that 24(S)OH and 27OH inhibited Aβ production by modulating ex-
pression of genes coding APP and β-secretase, an important enzyme
in amyloidogenic APP processing pathway [28,29]. Moreover, a
22R-hydroxycholesterol's derivative, caprospinol, has been consid-
ered as a potential drug candidate in AD treatment because it is able
to bind to Aβ-42, reduce its cytotoxicity, and clean the peptide mono-
mers presenting in mitochondria (reviewed in [30]). As far as we are
aware, there is less evidence on the negative effects of oxysterols on
Aβ/membrane interaction although their capability of changing
membrane structure and properties has been reported [1,31–33].
Because oxysterols have a different orientation in membrane com-
pared to cholesterol, they are less able to condense lipids, thus mod-
ifying some physical properties of membrane such as collapse pressure,
and inﬂuencing raft domains [34,35]. Since membrane properties and
domains remarkably affect the interaction between Aβ andmembranes
as discussed previously, it is reasonable to suppose that oxysterols can
facilitate this interaction. The effect of 7keto and 7βOH on enhancing
Aβ insertion into the lipid bilayer by decreasing intermolecular cohe-
sive interaction was discovered by Kim et al. [36]. However, the impact
of oxysterols on Aβ/membrane interaction remains an important sub-
ject that needs to be elucidated.
In this study, we were interested in the Aβ-induced dynamics of
model membranes containing cholesterol, 7keto or 25OH. We chose
these oxysterols in order to investigate the role of not only the pres-
ence of an additional oxygen group but also its relative location in
the molecule. Brieﬂy, 7keto is a major auto-oxidative species which
has an extra ketone group in ring structure and serves as an inhibitor
of raft domains formation. This oxysterol has been showed to be a risk
factor in atherosclerosis [7]. 25OH, generated from enzymatic oxida-
tion of cholesterol, possesses an additional hydroxyl group in the
side-chain and promotes the formation of rafts [1]. As discussed pre-
viously, we are aware that 24(S)OH and 22(R)OH play important
roles in AD pathogenesis [28,29]. However, we chose 25OH because
it is more affordable and has a relatively similar structure to 24(S)
OH. Moreover, both 25OH and 24(S)OH have been reported to induce
apoptosis of neuronal cells at high concentrations [8,9]. Cell mem-
brane dynamics such as membrane ﬂuctuation and vesicle formation
is driven by dynamic movement of molecules in membranes and
structured reorganization of the membrane constituents upon the in-
troduction of external stimuli [37,38]. Thus, the study about biomi-
metic membrane dynamics without protein is an ideal platform for
investigating the mechanism by which lipid component controls the
interaction of the peptide with membranes [39]. Previously, we
reported that Aβ-40 induces formation of sphero-stomatocyte, and
this pathway of membrane transformation reveals a deeper insertion
of the most toxic Aβ-40 oligomer into DOPC cell-sized liposomes
(model membranes) compared to other species [40]. Here, we show
that the presence of cholesterol annulled the ‘toxic’ effect of Aβ on
model membranes. In contrast, 7keto signiﬁcantly facilitated Aβ locali-
zation in membranes, while 25OH stimulated the peptide insertion and
followed membrane transformation. In addition, we demonstrate thatAβ-42 pre-ﬁbrils had higher potential to interactwithmembranes com-
pared to Aβ-40 species.
2. Materials and methods
2.1. Materials
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol
(Chol) were purchased from Avanti Polar Lipids (USA). 7-ketocholesterol
(7keto) and 25-hydroxycholesterol (25OH) were purchased from
Sigma-Aldrich (USA). Amyloid β protein (Human, 1–40 and 1–42)
was purchased from Peptide Institute Inc. (Japan). Hilyte Fluor™
488-labeled Aβ-40 and Aβ-42 (λex = 503 nm, λex = 528 nm) were
obtained from Anaspec, Inc. (USA). Olive oil was purchased from
Wako Pure Chemicals (Japan). Chloroform and methanol were pur-
chased from Kanto-Chemical and Nacalai Tesque (Japan), respectively.
Deionized water was obtained using a Millipore Milli Q puriﬁcation
system.
2.2. Preparation of water-in-oil (W/O) microdroplets
Four W/Omicrodroplet systems, including DOPC (only DOPC), Chol
(DOPC/Chol = 50/50 molar ratio), 7keto (DOPC/Chol/7keto = 50/40/
10 molar ratio), and 25OH microdroplets (DOPC/Chol/25OH = 50/40/
10 molar ratio), were prepared using the simple mixing procedure
[41,42]. Brieﬂy, lipid mixtures dissolved in chloroform/methanol (2/1,
v/v) were contained in glass test tubes. After evaporation of organic
solvent under a gentle nitrogen stream, a thin lipid ﬁlm was formed at
the bottom of the tube. The ﬁlm was dried in the desiccator for about
3 h, then sonicatedwith olive oil for 60 min at 37 °C, followedby vortex
mixing. The ﬁnal lipid concentration was 0.2 mM.
2.3. Preparation of cell-sized liposomes
Three kinds of cell-sized liposomes, including Chol (DOPC/Chol =
50/50 molar ratio), 7keto (DOPC/Chol/7keto = 50/40/10 molar ratio),
and 25OH liposomes (DOPC/Chol/25OH = 50/40/10 molar ratio),
were prepared by the natural swelling method as described previ-
ously [41,42]. In particular, lipid mixtures dissolved in chloroform/
methanol (2:1, v/v) were poured into glass test tubes. The organic
solvent was evaporated using a nitrogen gas ﬂow to produce a thin
ﬁlm. The ﬁlm was then dried under vacuum for 3 h and hydrated
with deionized water overnight at 37 °C. The ﬁnal concentration of
lipid was 0.2 mM.
2.4. Preparation of Aβ-40 and Aβ-42 aggregation species
Aβ-40 and Aβ-42 aggregation species were prepared using the
same method as in our previous studies [43]. Brieﬂy, Aβ peptides
dissolved in Tris buffer (20 mM, pH 7.4) at the concentration of
80 μM were incubated at 37 °C for various periods to form different
aggregated species. Monomeric, oligomeric, and ﬁbrillar species of
Aβ-40 were obtained from incubations for 0 h, 24 h, and 120 h, re-
spectively. In the case of Aβ-42, the periods of incubation were 0 h,
12 h, and 48 h, producing monomers, oligomers, and ﬁbrils, respec-
tively. The conformation of Aβ-40 and Aβ-42 species was conﬁrmed
using an atomic force microscope (SPA400-SPI 3800, Seiko Instru-
ments Inc., Japan). The size distributions of Aβ aggregation species
were measured and are presented in Fig. S2.
2.5. Observation of localization of Aβ in membranes
Microdroplet solution (5 μL) was mixed with 5 μM ﬂuorescent Aβ
solution (5 μL), followed by a gentle tapping. The resultant mixture
(5 μL) was placed on a glass slide and used for microscopy observa-
tion. Observation of Aβ localization was carried out using the laser
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temperature (around 21.5 °C in this study) within 2 min. The amount
of Aβ locating in membranes was estimated by ﬂuorescent intensity
values analyzed using Image J software. The data are expressed as
means ± standard deviation (SD) of three independent experiments.
Comparisons between the different membranes were performed
using ANOVA followed by Bonferroni's post comparison test. A
P-value less than 0.05 was deﬁned to be statistically signiﬁcant. We
believe that the effect of quenching is not a signiﬁcant problem.
Fluorescent-labeled Aβ has been used by many researches on Aβ cel-
lular binding, uptake and toxicity. It was also reported that the uptake
of labeled and unlabeled oligomeric Aβ by neuronal cells are similar
[44]. In addition, the duration of liposome observation in our work
was very short.
2.6. Detection of Aβ-induced membrane dynamics
Aβ was introduced into liposome-containing solution at the ﬁnal
concentration of 1 μM dissolved in Tris buffer (0.5 mM). This concen-
tration of Tris buffer has been shown not to inﬂuencemembrane stabil-
ity [40]. 5 μL of liposome solution and Aβ solution was mixed, then
transferred immediately in a circular silicone well (0.1 mm) placed on
a glass slide, and covered with a glass cover. Observation of membrane
dynamics was carried out within 2-min introduction of the peptide to
the liposome solution using a phase-contrast microscope (Olympus
BX50, Japan) at room temperature. The total period of real-time obser-
vation was 20 min. The images were recorded on a hard-disk drive at
30 frames s−1 and processed using Image J software [43]. Membrane
ﬂuctuation was analyzed as a function of radius and its distributionFig. 1. The localization of amyloid beta (Aβ) in DOPC and cholesterol (Chol) membranes. (A)
ning microscopy images of DOPC microdroplets and Chol systems showing Aβ absorption
microdroplets (white, as the control), and Chol systems (DOPC:Chol = 50:50, bright gray).
differences of Chol microdropletscrelative to the control and that of Aβ-42 compared to Aβr(θ,t) (θ = 2π/n, n = 0, 1, 2,…, 100) [45]. A liposome is considered to
be ﬂuctuating when the value σ = bsqr(r(θ) − brN)2N/brN is equal to
and more than 1.3% [46].
3. Results and discussion
3.1. The interaction of Aβ with cholesterol-containing membranes
To investigate the effect of oxysterols on the interaction of Aβ
with membranes, we ﬁrst clariﬁed the role of cholesterol by compar-
ing cholesterol-containing (DOPC:Cholesterol) membranes with
only DOPC-containing systems. W/O microdroplet systems, monolayer
vesicles, were employed in the peptide localization study because it
has high resistance to physical stress and can easily encapsulate biolog-
ical macromolecules [47]. As can be seen in Fig. 1, the amount of Aβ ag-
gregated species localizing in Chol microdroplets was signiﬁcantly
lower than those associating closely with DOPC systems. This result
suggests that the presence of cholesterol hinders Aβ localization in
membranes.
Cholesterol membrane transformation induced by Aβ was studied
using cell-sized bilayer vesicles, also called liposomes, on the grounds
that they are not only comparable to actual cell membrane in size,
lipid composition and bilayer structure, but also controllable so that re-
searchers can capture in real time a direct observation of membrane
changes under desirable conditions [40]. In comparisonwith DOPC lipo-
somes which were reported previously [40,48], Chol systems exhibited
a lower percentage of transformation responding toAβundermost con-
ditions (Aβ-40 oligomers and all Aβ-42 aggregation species) (Fig. S3A).
Moreover, the remarkable distinction between the two systemsSchematic illustration of W/O microdroplet systems. (B) Representative confocal scan-
. (C) Fluorescent intensity values representing the amount of Aβ absorbed in DOPC
The values are mean ± SD of three replicates. The symbols * and ϕ indicate signiﬁcant
-40 (P ≤ 0.05), respectively.
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displayed three main pathways, including ﬂuctuation, exo-tube/
bud, and stomatocyte (Fig. S3B). We supposed that exo-tube/bud
and stomatocyte are big changes of membrane morphology which
could be related to exocytosis and endocytosis respectively, and affect
spatial localization of membrane receptors [40]. Since endocytosis has
been shown to be involved in Aβ uptake of cells [49], we placedmore at-
tention in stomatocyte formation. This transformation pathway was ob-
served in liposomes exposed to Aβ oligomers, the primary neurotoxic
species, and the peptide ﬁbrils which can be unfolded into pre-ﬁbril
structure upon their interaction with membrane molecules [39]. Con-
versely, Chol liposomes induced exo-ﬁlament without ﬂuctuation as a
major transformation pathway caused by the peptide (Fig. S3B). Under
our experimental conditions, we attributed membrane ﬂuctuation to
Aβ insertion into membrane. Therefore, this pathway could be caused
by an osmotic disparity between the outside and the inside of liposomes,
not by the effect of the peptide. Other major transformation pathways of
cholesterol systems were ﬂuctuation and exo-ﬁlament with ﬂuctuation.
Especially, exo-tube/bud was only displayed after the introduction of
Aβ-42 oligomers, and stomatocyte formation was not observed in any
condition (Fig. S3B). This ﬁnding indicates the role of cholesterol in
suppressing ‘signiﬁcant’ transformation of membranes induced by Aβ.Fig. 2. Localization of Aβ in oxysterols-containing microdroplet membranes. (A) Representa
showing Aβ absorption. The presence of Aβ species is shown below each corresponding col
absorbed in Chol microdroplets (DOPC:Chol = 50:50, bright gray, as the control), 7ke
Chol:25OH = 50:40:10, black). The values are mean ± SD of three replicates. The symbo
to the control and that of Aβ-42 compared to Aβ-40 (P ≤ 0.05), respectively.3.2. Localization of Aβ in oxysterols-containing membranes
The effect of oxysterols on localization of Aβ in membranes was
studied using Chol microdroplets as the control. Fig. 2 shows that
the presence of 7keto or 25OH in microdroplets facilitated all the pep-
tide aggregated species to locate in membranes relative to cholester-
ol. Comparing the two oxysterols, 7keto had a much higher efﬁciency
in modulating Aβ association than 25OH, especially in the case of Aβ
monomers and oligomers. These oxysterols differ in the location of
the additional oxygen group. Thus, our data showed that the associa-
tion of Aβ with membranes was affected by not only the presence of
the additional polar group but also its relative position in oxysterols
molecules.
The different effects of cholesterol, 7keto and 25OH on the associa-
tion of Aβ with membranes can be discussed by their inﬂuences on
membrane physical properties. Because of the orientation in which
the plane of rigid tetracyclic ring is perpendicular to lipid bilayer surface
and hydroxyl group pointed at the membrane–water interface, choles-
terol is able to order the upper part of acyl chain of the neighbor phos-
pholipids, and enhance cohesive interactions among molecules inside
the bilayer. Conversely, due to the introduction of an additional oxygen
group, ring-oxygenated oxysterols often produce a marked tilt withtive confocal scanning microscopy images of Chol and oxysterols microdroplet systems
umn or above each image. (B) Fluorescent intensity values reﬂecting the amount of Aβ
to systems (DOPC:Chol:7keto = 50:40:10, dark gray), and 25OH systems (DOPC:
ls * and ϕ indicate signiﬁcant differences of oxysterol-containing membranes relative
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oxysterols tend to orient horizontally so that both of polar groups are
exposed to the hydrophilic interface. These conformations enable
oxysterols to have less effective ability to order lipids compared to cho-
lesterol and change membrane properties [34]. Aβ absorption in mem-
branes has been reported to be lower at high surface pressure which is
proportional to the compressed state of membranes [50]. A surface
compression modulus (Cs−1) study has conﬁrmed that 25OH mem-
branes and especially 7keto systems are less compressed than choles-
terol membranes [34], thus exhibiting lower surface pressures. This
property accounts for higher absorption of Aβ in 7keto membranes
than that in 25OH systems and the lowest amount of the peptide in
cholesterolmembranes. In addition, some studies have indicated thedirect
binding of some oxysterols including 24(S)-hydroxycholesterol, 22(R)-
hydroxycholesterol and its derivatives to Aβ. This binding is induced by
docking of oxysterols with a pocket formed by globular Aβ and strongly
depends on oxysterols and Aβ conformation [51]. Since this interaction
seems to be difﬁcult when oxysterols locate in membranes and the Aβ
we studied was not globular, we did not discuss this mechanism in this
paper.However,weplan to studywhether there is a direct biding between
7keto, 25OH and Aβ in further research.
We were also interested in understanding how the two most
abundant Aβ isoforms associate with membranes. Figs. 1 and 2Fig. 3. The effect of oxysterols on membrane ﬂuctuation in response to Aβ species. (A) Schem
phase-contrast microscope. (C) Degree ofmembrane ﬂuctuation 0 and 2 min after its exposure
centage of lipsomes which started ﬂuctuating in a given time of observation. Chol-containing li
those (dash) (n = 20). The presence of Aβ species is shown above each corresponding line chshow that the amount of Aβ-42 monomers localizing in all considered
microdroplet systems was signiﬁcantly higher than that of Aβ-40.
This result was in a good agreement with previous studies which
reported that Aβ-42 is more ‘amyloidogenic’ than Aβ-40 [39]. The lo-
calization of Aβ-40 and Aβ-42 oligomers surprisingly exhibited no
signiﬁcant difference (P N 0.05) in both cholesterol-containing and
oxysterols-containing membranes, suggesting that in oligomeric
form, the less amyloidogenic isoform has the same capability for asso-
ciation with membranes as the more amyloidogenic one. In addition,
the localization of both isoforms dramatically decreased in the case of
ﬁbrillar species. Aβ-40 ﬁbrils were more prone to locate in
microdroplets with respect to Aβ-42 those. Aβ-40 is relative less hy-
drophobic than Aβ-42 because the latter isoform has two additional
water-repelled amino acid units [52]. This property could enable a
stronger hydrophilic interaction of Aβ-40 with the membrane surface
compared to that of Aβ-42.
3.3. The effect of oxysterols on Aβ-induced membrane ﬂuctuation
In order to investigate further the interaction of Aβwith oxysterols-
containing membranes, membrane ﬂuctuation was characterized.
Fluctuation was the ﬁrst step of most membrane transformation path-
ways observed in liposomes [40]. It has been reported that this type ofe of cell-sized liposomes. (B) Typical images of a ﬂuctuating lipid vesicle captured using
to Aβ. Plotted the value of (r(θ) − brN) in each θ (θ = 2π/n, n = 0, 1, 2,…. 100). (D) Per-
posomes (gray, as the control), 7keto-containing liposomes (black), and 25OH-containing
art.
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ratio upon external physical stresses or surfactants [33]. These factors
cause a reduced volume or membrane excess area, thus decreasing
V/A ratio. Our group reported previously that the movement of
oxysterols toward membrane surface prompts membranes to
expand their area and then ﬂuctuate [46]. In the case of membranes
exposed to Aβ, we proposed that the insertion of the peptide and/or
recruitment of free lipid molecules and small vesicles to the considered
liposomes mediated by the peptide lead to an increase of membrane
area and the resultant ﬂuctuation [40,48].
We calculated the percentage of ﬂuctuating liposomes in a time-
dependent manner in order to elucidate the effect of oxysterols on Aβ
penetration into membranes. Fig. 3 reveals that oxysterols-containing
liposomes were more responsive to ﬂuctuation induced by Aβ mono-
mers and oligomers compared to those containing cholesterol. In
these conditions, the percentage of ﬂuctuating cholesterol liposomes
was considerably less than that of oxysterol systems. However, in the
presence ofﬁbrillar species,membraneﬂuctuationwas not signiﬁcantly
different among three concerned membrane systems. The data also
showed a higher effect of 25OH on Aβ-induced membrane ﬂuctuation
compared to 7keto although the latter was more able to mediate the
peptide localization inmembranes. The time needed for 50% of 25OH li-
posomes to start ﬂuctuation was shorter than that needed for 7keto li-
posomes in most conditions, except for in the introduction of Aβ-42
oligomers (Table S1 in SI). These results clearly show the role of
oxysterols, especially 25OH, in enhancing Aβ insertion into membrane
and are consistent with a previous study that has reported on the capa-
bility of 7keto and 7βOH to promote the peptide penetration intomem-
branes [36]. This distinction could be attributed to how the
extra-oxygen group of oxysterols inﬂuences membrane property. The
insertion of Aβ into membranes requires a vacant space in the lipid
bilayer interior and the energy for the space formation is proportional
to themembrane area expansionmodulus [53]. The presence of the addi-
tional polar group decreases the condensation of oxysterol membranes,Fig. 4.Membrane transformation pathways of oxysterol liposomes in response to the presence
(iii) exo-ﬁlament with ﬂuctuation, (iv) exo-tube/bud, and (v) stomatocyte. Scale bar = 10 μmthus rendering them easier to expand in comparison with cholesterol.
Mintzer et al. reported that 25OH has the lowest condensation effect on
the monolayer, followed by 7keto, and cholesterol exhibits the highest
effect [34]. As a consequence, oxysterols, especially 25OH, facilitates Aβ
penetration into membranes.
Regarding the difference between the effects caused by the two
isoforms, Aβ-42 induced ﬂuctuation of oxysterols membranes in
shorter periods compared to Aβ-40 (Fig. 3 and Table. S1 in SI), indi-
cating that the former is more able to insert into membranes than
the latter. We suppose that Aβ penetration involves a hydrophobic in-
teraction between hydrophobic part in the C terminal residues of the
peptide and the interior of lipid bilayers. Aβ-42 has been shown to be
more hydrophobic and have slightly higher afﬁnity for membranes
than Aβ-40 [48], accounting for a higher insertion ability of the
more ‘toxic’ isoform. Nevertheless, there was a contrast in the inﬂu-
ence of oligomeric species on 25OH liposomes. The time for ﬂuctua-
tion initiation of 50% of 25OH liposomes induced by Aβ-40 was
more than two times shorter than that caused by Aβ-42 (Table. S1
in SI). This result could be attributed to the relative strong hydrophilic
interaction between Aβ-40 and two hydroxyl groups of 25OH, which
promote the insertion of this isoform into 25OH liposomes.
3.4. The effect of oxysterols on Aβ-induced membrane transformation
Aβ-induced transformation of liposomes containing oxysterols was
studied to clarify the effect of oxysterols on membrane stability in the
presence of the peptide (Fig. 4). Similar to the membrane ﬂuctuation
experiments,we found that 7keto or 25OH rendered liposomes a higher
propensity to change in morphology in the presence of most Aβ aggre-
gated forms, and 25OH liposomes were slightly sensitive to the peptide
than 7keto systems (Fig. S4 in SI). Five transformation pathways were
observed in oxsterol liposomes (Fig. 4). Distribution proﬁle of these
pathways signiﬁcantly showed the difference in response to Aβ be-
tween oxysterols and cholesterol membranes (Fig. 5). Although theof Aβ aggregation species. Five pathways were observed: (i) ﬂuctuation, (ii) exo-ﬁlament,
.
Fig. 5. The effect of oxysterols on Aβ-induced membrane transformation. Distribution proﬁle of transformation pathways of Chol, 7keto, and 25OH liposomes (n ≥ 20), showing the
percentage of liposomes which underwent a given pathway. The presence of Aβ species is shown below above each corresponding pie chart.
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67%), they induced mainly exo-ﬁlament without ﬂuctuation. In con-
trast, oxysterols liposomes only exhibited exo-ﬁlament without ﬂuctu-
ation at a high percentage in the presence of Aβ ﬁbrils. In addition to
four types of transformation pathways that was observed in cholesterol
systems, both 7keto liposomes and 25OH systems showed stomatocyte
formation responding to the peptide, suggesting that oxysterols not
only accelerate Aβ penetration into membranes but also induce the
peptide internalization of liposomes (Figs. 4 and 5).
7keto and 25OH liposomes exhibited some differences in Aβ-
induced transformation. The latter has a noticeably higher stomatocyte
formation in the introduction of oligomeric species (19% and 21.5%
responded to Aβ-40 and Aβ-42 oligomers, respectively) compared to
the former (0% and 8% responded to Aβ-40 and Aβ-42 oligomers, re-
spectively). In the presence of monomeric species, the percentage of
25OH liposomes showing stomatocyte was similar to that of 7keto sys-
tems. However, they displayed exo-tube/bud formation, another big
change of membrane morphology, in addition to stomatocyte pathway.
These results indicate that 25OH has slightly greater potential to pro-
mote the peptide insertion and decreasemembrane stability in compar-
ison with 7keto (Fig. 6).
As discussed previously, oxycholesterols facilitated insertion of Aβ
intomembranes, thereby increasing themorphological change ofmem-
branes. The appearance of stomatocyte transformation pathway in only
oxysterols liposomes, not in cholesterol those could be discussed by the
different ability to ﬂip-ﬂop between two membrane leaﬂets of these
sterols. Flip-ﬂop rate of membrane lipids is affected by the molecular
hydrophilicity [31]. Cholesterol, with a unique hydroxyl group, pos-
sesses a fast ﬂip-ﬂop rate, while oxysterol ﬂip-ﬂops more slowly be-
cause of two polar groups [31,54]. When Aβ inserts into the outer
layer of membrane, it causes an increase in the area of this layer. Var-
ious experiments have shown that an area difference between two
leaﬂets induces the bending of membranes [55]. In this case, mem-
branes ﬁrst bend outwardly, and a fast movement of cholesterolfrom the inner layer to the outer can induce the formation of positive
curved regions (exo-ﬁlament with ﬂuctuation and exo-tube/bud)
which is able to alleviate the area difference between two layers. In
oxysterol-containing membrane, the change in the outer leaﬂet
area could not be quickly relieved due to a slow ﬂip-ﬂop rate of
these sterols. Consequently, Aβ can penetrate more deeply, resulting
in bigger change in both membrane leaﬂets, and both positive and
negative curvatures (stomatocyte pathway) were achieved. This ex-
planation correctly applies to the case of DOPC liposomes which
were previously demonstrated to form stomatocyte pathway with
high percentages responded to Aβ oligomers (28% in the presence
of Aβ-42 and Aβ-40) and ﬁbrils (18% and 12% in the presence of
Aβ-42 and Aβ-40, respectively) [40,48]. These values are slightly
higher than those observed in oxysterol systems (Fig. 4). It has
been reported that DOPC has a slower ﬂip-ﬂop rate compared to ste-
rols because of its large polar headgroups [31]. Therefore, DOPC
membranes are more capable of stomatocyte formation than
sterol-containing systems. Our discussion is in a good agreement
with a previous result which indicated that stomatocyte pathway ac-
companied Aβ-40 deep insertion into membranes [40].
The signiﬁcant difference in the effect of two amyloid peptide
isoforms on membrane transformation was found in cholesterol lipo-
somes and 7keto systems. Aβ-42 oligomers induced exo-tube/bud for-
mation in cholesterol membranes and stomatocyte in 7keto vesicles,
both of which were not observed in the presence of Aβ-40 oligomers,
suggesting a deeper insertion of Aβ-42 species into these membranes
[Fig. 4]. Our studies about Aβ localization in microdroplets and the
peptide-induced membrane dynamics indicate the higher interaction
of the more ‘amyloidogenic’ compared to the less ‘toxic’ isoform. How-
ever, further studies are necessary in order to elucidate the mechanism
of the different impacts of the twomost abundant Aβ isoforms on cellu-
larmembranes.We are currently undertaking these studies and hope to
advance on the current report, in a separate submission dedicated to
this important issue.
Fig. 6. Schematic illustration of the effect of cholesterol and oxysterols on the interaction between Aβ and membranes. (A) DOPC membranes, (B) Chol-containing membranes,
(C) 7keto-containing membranes, and (D) 25OH-containing membranes.
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In conclusion, we have investigated the impact of oxysterols on
localization of Aβ-40 and Aβ-42 in membranes and the peptides-
inducedmembrane dynamics.We have demonstrated that the presence
of cholesterol inhibited Aβ association with membrane and stabilized
membranes. In contrast, oxysterols mediated Aβ localization and
Aβ-induced membrane transformation. Moreover, we have shown
that the inﬂuence of oxysterols on the interaction of Aβwithmembrane
depended not only on the presence of an extra oxygen group but also its
position inmolecules. 7keto, a product of sterol ring oxidation, increased
Aβ localization due to its high potential for absorption of peptide in
membrane, while 25OH, a side-chain-oxygenated oxysterols, enhanced
membrane transformation by facilitating the peptide insertion into the
bilayer. Our results have also revealed that Aβ-42 pre-ﬁbrillar species
(monomers and oligomers) exhibited a higher ability to interact with
membranes compared to Aβ-40 species. These ﬁndings are important
and aid in understanding the effect of membrane lipid composition, es-
pecially cholesterol and its oxidation, on the Aβ-induced Alzheimer's
neurotoxicity.
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